During the Zika epidemic in Brazil, a baby was born at term with microcephaly and arthrogryposis. The mother had Zika symptoms at 10 weeks of gestation. At 17 weeks, ultrasound showed cerebral malformation and ventriculomegaly. At 24 weeks, the amniotic fluid contained ZIKV RNA and at birth, placenta and maternal blood were also positive using RT-qPCR. At birth the baby urine contained ZIKV RNA, whereas CSF at birth and urine at 17 days did not. Seizures started at 6 days. EEG was abnormal and CT scan showed cerebral atrophy, calcifications, lissencephaly, ventriculomegaly, and cerebellar hypoplasia. Bacterial sepsis at 2 months was treated. A sudden increase in head circumference occurred at 4 months necessitating ventricle-peritoneal shunt placement. At 5 months, the infant died with sepsis due to bacterial meningitis. Neuropathological findings were as severe as some of those found in neonates who died soon after birth, including hydrocephalus, destructive lesions/calcification, gliosis, abnormal neuronal migration, dysmaturation of nerve cells, hypomyelination, loss of descending axons, and spinal motor neurons. ZIKV RNA was detected only in frozen brain tissue using RT-qPCR, but infected cells were not detected by in situ hybridization. Progressive gliosis and microgliosis in the midbrain may have contributed to aqueduct compression and subsequent hydrocephalus. The etiology of progressive disease after in utero infection is not clear and requires investigation.
INTRODUCTION
A major concern associated with Zika virus (ZIKV) infection is the increased incidence of microcephaly in infants born to infected mothers. In addition, early calcification and other malformations including ventriculomegaly, cerebellar hypoplasia, and arthrogryposis are associated with congenital Zika infection (1) (2) (3) . Individual case reports and case series of autopsies demonstrated ZIKV persistence in fetal and newborn brain tissue, either by reverse transcriptase-quantitative polymerase chain reaction (RT-qPCR), electron microscopy, in situ hybridization (ISH), and/or immunohistochemistry (3) (4) (5) (6) . The spectrum of neuropathological lesions associated with congenital ZIKV infection in patients who did not survive was defined (5) . However, most infants with congenital Zika syndrome are alive, now reaching their second year of life, some with motor deficits, seizures, feeding difficulties, visual or auditory symptoms, in addition to arthrogryposis (2, 7, 8) . Persistence of viral infection and progression of the lesions have been a matter of debate among pediatricians and infectious disease physicians (4) and have been investigated experimentally (9) . Herein, we report a comprehensive clinical, virological, neuroimaging, and pathological analysis of an infant with congenital ZIKV syndrome, who survived 5 months.
CASE REPORT
During the epidemic of Zika in Brazil, a baby girl was born at term (38 weeks) with microcephaly and arthrogryposis in all 4 limbs. The mother reported Zika symptoms (cutaneous rash, headache, myalgia, and vertigo) at $10 weeks of gestation. She did not receive medical attention and did not use any medications. At 17 weeks, fetal ultrasound showed cerebral malformation, ventriculomegaly, flexed hands and feet. At 24 weeks and 5 days, amniotic fluid was positive for Zika (by RT-qPCR). Gestation was followed to term with imaging tests always pointing to the same malformations described at 17 weeks. The placenta was sent for pathological analysis. At birth, placenta and mother blood were positive for Zika (by RT-qPCR). The fetal karyotype was normal (46, XX) and maternal STORCH (syphilis, toxoplasmosis, others, rubella, cytomegalovirus, herpes) serologies were negative.
The baby was born with APGAR?/8, weighing 1920 g, head circumference 29 cm, below percentile 5 (10) and length 47 cm, with dyspnea, but no need for resuscitation. STORCH serologies were also negative. There was craniofacial disproportion, umbilical hernia, and bilateral hip instability. She remained in the nursery with impetigo and respiratory symptoms for 35 days and was followed by a multidisciplinary team. The echocardiogram showed interatrial communication, patent foramen ovale, pulmonary artery stenosis.
The patient presented with clonic seizures at 6 days, then generalized fits and an electroencephalogram showed generalized multifocal anomalies, predominantly in the right temporal domain. Skull computed tomography (CT) revealed periventricular and diffuse calcifications, including the basal ganglia, lissencephaly, cerebral atrophy, supratentorial ventriculomegaly sparing the fourth ventricle, brainstem and cerebellar hypoplasia (Fig. 1) . There was hypertonia of the limbs and important delay of the neuropsychomotor development, optic nerve pallor and macular atrophy in the right eye. Auditory screening was abnormal, but auditory brainstem evoked potential was normal.
At 2 months, she was admitted with sepsis, which was treated. The organism was not known. At 4 months, there was a sudden increase of the head circumference (from 32.5 to 39 cm), bulging of the fontanels and vomiting, when a ventricle-peritoneal shunt was placed. Four days before death (at 5 months), when the head circumference was 40.5 cm, the child was admitted with sepsis due to bacterial meningitis. Three organisms were identified suggesting contamination.
MATERIALS AND METHODS
This study was approved by the local internal review board under the number CAAE 52675616.0.0000.5269. Informed consent to perform the autopsy was obtained from the parents of the infant.
Real-time RT-qPCR assay for ZIKV was performed at delivery on maternal plasma, placenta samples, on cerebrospinal fluid (CSF), and urine samples of the neonate, as well as in tissues obtained at autopsy. ZIKV RNA detection was performed following total RNA extraction using TRIzol Reagent (ThermoFisher, Waltham, MA) according to the manufacturer's instructions. Maternal and neonatal body fluids or 100 mg of snap frozen autopsy tissues were homogenized in 1 mL of TRIzol Reagent to further chloroform RNA extraction. All samples tested presented RNA purity higher than 1.9 measured by 260/280 nm ratio (1000 Nanodrop, ThermoScientific). RT-PCR was performed with the 2Â QuantiTect Probe RT-PCR kit (Qiagen, Valencia, CA) with the same primers and cycle times as previously described (1, 11) . All assays were done in triplicates and fluorescence growth curves that cross the threshold within or below 38 cycles were considered positive.
A detailed analysis of the placenta and umbilical cord and a full postmortem examination were performed. Fresh samples from the brain, spleen, thymus, adrenal, heart, kidney, lung, liver, salivary glands, and gastrointestinal tract were taken to investigate the presence of ZIKV with PCR. Samples of all organs were fixed in 10% formalin and then processed for paraffin embedding. The brain, spinal cord and dorsal root ganglia were fixed in 10% formalin for 2 weeks. Formalin fixed brain was weighed and after gross examination, representative areas, including those with macroscopic lesions, were processed for paraffin embedding and 5-lm histological sections were stained with hematoxylin and eosin (H&E). From selected blocks of the cerebral hemispheres, brainstem, cerebellum, and spinal cord, 10-lm sections were stained with Luxol fast blue (LFB) for myelin.
From the leptomeninges and selected areas of the nervous tissue with histological lesions, immuno-histochemical reactions were performed, using the following monoclonal antibodies (Cell Marque, Sigma-Aldrich Co, Rocklin, CA) and dilutions: antiglial fibrillary acidic protein-GFAP-clone EP672y, (1:500), antiCD68 clone Kp-1 (1:1000), antiOlig2 clone 211F1.1 (1:200), and antiNeuN (Zeta Corporation, Arcadia, CA) Clone A100 (1:200). The immunohistochemical methods have been previously described (5) .
ZIKV ISH studies were performed on formalin-fixed paraffin-embedded tissue sections of the brain, liver, kidney, spleen, heart, adrenal, using 2 commercial RNAscope Target Probes (Advanced Cell Diagnostics, Hayward, CA) catalog # 464531 and 463781 complementary to sequences 866-1763 and 1550-2456 of ZIKV genome, respectively, as cited previously (5). 
RESULTS

Diagnosis of Zika Infection
At delivery, RT-qPCR assay of maternal plasma and placenta samples detected ZIKV RNA. Both maternal samples presented 3.5 Â 10 5 viral RNA copies/mL. After birth only urine of the neonate was positive with 3.2 Â 10 5 viral RNA copies/mL. Among the organs sampled at autopsy, ZIKV RNA was detected only in the brain, with 7.5 Â 10 5 viral RNA copies/mg of tissue, indicating viral persistence.
Placenta
There was focal chronic villitis and villous immaturity, stromal fibrosis, fibromuscular hyperplasia of vessel walls, and chronic deciduitis. The umbilical cord was normal.
Autopsy
The infant weighed 5360 g, measured 60 cm and had arthrogryposis in all 4 limbs (Fig. 2A) . The brain weighed 150 g (expected weight, 644 g [12] ). Leptomeninges were congested and covered by purulent exudate. A catheter was in place in the lateral left ventricle. The brain showed a smooth surface with shallow sulci. On sectioning the ventricles were severely dilated, the ependymal surfaces were also covered by pus, the thickness of the cortex and white matter was reduced to 0.5 cm in some regions and the basal ganglia and thalami were flat. The hippocampi were not readily delineated. The cerebellum was covered by purulent exudate and sections of the brainstem showed that the aqueduct was not always visible, particularly at the upper level of the midbrain, and the pons and medulla were small. Macroscopic appearances are illustrated in Figure 2 .
Microscopically there was acute exudative meningitis. The cerebral cortex was practically devoid of neurons in several areas and those present were disorganized. Immunostaining for NeuN confirmed neuronal loss with thin cortical mantle showing no neurons while regions with wider cortical mantle showing occasional nerve cells. There were disturbances of neuronal migration in the cerebral hemispheres including dyslamination and meningeal glioneuronal heterotopia. Fine or coarse calcification in various levels of the hemispheric parenchyma was also seen, in addition to severe gliosis. The ependyma showed multifocal erosions with granulations and a neutrophilic exudate. On LFB-stained sections, myelinated fibers were practically absent in hemispheric white matter, whereas deeper regions, posterior fossa structures, and the spinal cord, were myelinated. Oligodendrocytes stained with OLIG2 were very scarce in the hemisphere, while in the deeper regions they were more frequent. The shape of the hippocampus was recognized, although the dentate gyrus was not well formed. The loose appearance of the CA sectors seems to be due to lack of nerve cells. Histology of supratentorial structures is illustrated in Figure 3 .
The cerebellum had no parenchymal lesion. In the midbrain, although the aqueduct appeared patent, it contained an inflammatory exudate and at proximal levels was elongated and narrow. There were occasional foci of calcification and extensive gliosis, particularly around the narrow aqueduct where microglial proliferation was prominent. The basis pontis and pyramids were small, but other brainstem structures were normal. There was inflammatory exudate at the fourth ventricle surface and its outlet.
The spinal cord was abnormally shaped due to a reduction in the size of the lateral cortico-spinal tracts, in addition to motor nerve cell loss, gliosis and small foci of calcification. The dorsal column was preserved and myelinated, as were the dorsal nerve roots, and ganglia. Microscopic findings in infratentorial and spinal structures are illustrated in Figure 4 . Lymphocytic infiltration was not observed in any segment of the brain and spinal cord. No cytoplasmic or nuclear inclusions, or parasites were seen. The pituitary gland showed foci of microcalcification.
In systemic tissues, in addition to generalized lymph node enlargement, there was acute tracheitis, focal erosion and mucoid material with neutrophils in the lumen, bronchopneumonia and changes consistent with phase II shock lung. The cardiac cavities were filled with leucocytes and fibrin. There was chronic esophagitis with focal parietal fibrosis permeating and dissociating the muscular layer.
The diaphragm showed focal fibrosis in the thoracic and abdominal aspects, associated with a mild mixed inflammatory interstitial process permeating the muscle bundles, some of which were very thin (neurogenic atrophy). There was moderate acute and chronic peritonitis and mesenteric lymphoid hyperplasia. The spleen had sinusoidal congestion of red pulp and mild depletion of white pulp; the liver showed microesteatosis and cholestasis.
Other lesions included acute tubular necrosis in the kidneys, mild chronic cystitis and fibrosis permeating the muscle bundles. Extramedullary hemopoiesis was present in kidneys and liver. The uterus and fallopian tubes had chronic and acute serositis. The cause of death was bacterial sepsis with meningitis, bronchopneumonia and focal abdominal infection. ISH results for ZIKV in all samples examined were negative.
DISCUSSION
In the case described here, ZIKV infection clinically occurred in the first trimester of gestation consistent with the magnitude and character of the cerebral lesions, observed both with the images and the pathological analysis. The first laboratory confirmation of infection was detection of viral RNA in the amniotic fluid at the end of the second trimester (24 weeks and 5 days). The neuropathological findings were comparably severe to those found in stillborn and neonates who died soon after birth but were infected in the beginning of gestation (3, 5, 6) . The spinal cord changes are consistent with the arthrogryposis seen in this and in previously reported cases (5) .
Bacterial meningitis in this case was attributed to infection of the ventricle peritoneal shunt, a major cause of morbidity and mortality in children with hydrocephalus requiring CSF shunts (13) . Unexplained was the development of hydrocephalus after the fourth month of life. Since the aqueduct was focally narrow, we cannot exclude the possibility that gliosis and microglial proliferation may have contributed to its compression obstructing the CSF flow.
Many children born with ZIKV-related complications are alive, but their long-term developmental trajectory needs to be investigated. As observed in the present case, clinicians are now describing infants with exaggerated primitive reflexes, epilepsy, acquired hydrocephalus and microcephaly, neurodevelopmental delay, marked early hypertonia, extrapyramidal symptoms, gastrointestinal motility problems and respiratory complications (2, 7, 14) . In addition, swallowing dysfunctions increase the risk for aspiration of liquid foods (8) .
Viral persistence in maternal blood at the time of birth can be related to a failure of antiviral immunological clearance or the consequence of maternal reseeding from fetal infection (15) . Viral persistence as indicated by maintenance of PCR positivity in postmortem tissue could be explained by a variety of mechanisms. Selective presence in brain and placental tissues could be the results of diminished immune surveillance in these regions (so called immunological privilege) (4) . Experimental studies have proposed persistent or occult neurologic and lymphoid disease following clearance of peripheral virus in ZIKV-infected animals (9) . The multiple potential explanations for why in our subject ZIKV was detected by PCR and not ISH, can be grouped under 4 broad categories: preservation, viral load, sampling and technological sensitivity. For PCR, frozen tissue was available for nucleic acid extraction. This avoids the vagaries of immersion fixation in formalin and would be expected in particular to provide better nucleic acid preservation. Additionally, viral load in our subject was orders of magnitude less than that detected during active infection. This made any detection highly dependent upon sampling. If equivalent size blocks of tissue were used in both PCR and ISH methods, it would be important to recognize that PCR results are the product of a highly amplified average while ISH is only selecting one tissue section out of hundreds for analysis. Finally, while ISH sensitively detects nucleic acids concentrated within individual cells, it lacks the exponential amplification afforded by PCR. Nevertheless, the fact that PCR was positive and ISH negative is important in considering the pathogenesis and therapeutic possibilities in late stage disease. As ZIKV load hovers at the limit of detection in this postnatal subject, it supports the concept favored in many other maternal/fetal infections that postnatal disease mostly reflects the aftermath of infection rather than continued immune mediated destruction.
The etiology of progressive disease after in utero infection is not clear. Findings in the current and other clinical studies suggest that active ZIKV replication is much diminished at late stages (inability to detect infected cells by ISH). This suggests several possibilities for the apparent later clinical progression. One possibility would be that immune reactions to ZIKV infection might cross-react with brain-specific proteins, causing additional neurological damage (16) . Alternatively, exacerbation of neurological disease could be a pseudoprogression resulting from unmasking of the extent of neurological damage with development. Examination of additional cases should help better delineate the pathogenesis.
